Background: Human YT521-B homology (YTH) domain selectively recognizes N
N
6 -Methyladenosine (m 6 A) is the most abundant internal modification in RNA and is specifically recognized by YT521-B homology (YTH) domain-containing proteins. Recently we reported that YTHDC1 prefers guanosine and disfavors adenosine at the position preceding the m 6 A nucleotide in RNA and preferentially binds to the GG(m 6 A)C sequence. Now we systematically characterized the binding affinities of the YTH domains of three other human proteins and yeast YTH domain protein Pho92 and determined the crystal structures of the YTH domains of human YTHDF1 and yeast Pho92 in complex with a 5-mer m 6 A RNA, respectively. Our binding and structural data revealed that the YTH domain used a conserved aromatic cage to recognize m 6 A. Nevertheless, none of these YTH domains, except YTHDC1, display sequence selectivity at the position preceding the m 6 A modification. Structural comparison of these different YTH domains revealed that among those, only YTHDC1 harbors a distinctly selective binding pocket for the nucleotide preceding the m 6 A nucleotide.
Chromatin modifications, including histone modifications and DNA methylation, play a critical role in regulating gene transcription in eukaryotes (1, 2) . Like chromatin modifications, RNA can also be modified, and more than 100 RNA modifications have been reported (3) . Among them, N 6 -methyladenosine (m 6 A) 3 is the most abundant internal modification in eukaryotic RNAs (4) , and its distribution and functions are just beginning to be appreciated with the aid of recently developed high throughput sequencing technologies (5) (6) (7) (8) . In mRNA, m 6 A is found to be enriched in the 3Ј-UTR and stop codons, suggesting a role in the regulation of gene expression at the post-transcriptional level (6) .
Although m 6 A had been identified in mammals, as well as in prokaryotes and viruses, in the 1970s (9 -11) , its function had remained largely unknown until recently when its writer, erasers, and readers were identified. Three groups independently reported that the METTL3-METTL14 complex catalyzes the N 6 -adenosine methylation with high efficiency (7, 12, 13) , following the original discovery in 1997 that METTL3 is an N 6 -adenosine methyltransferase (14) . Mutation of the METTL3 ortholog in zebrafish leads to developmental defects and apoptosis (13) . FTO (15) and ALKBH5 (16, 17) were found to catalyze the demethylation of m 6 A in single-stranded RNA. FTO is associated with obesity (18) , whereas deficiency of ALKBH5 impairs normal spermatogenesis in mice (16, 17) . The Schizosaccharomyces pombe YT521-B homology (YTH) domain-containing protein Mmi1 was reported to be an RNA binding protein and responsible for the selective elimination of meiosisspecific transcripts during vegetative growth (19) . Later on, several groups reported that the YTH domain-containing proteins specifically bind m 6 A RNA (5, 8, 20) and that YTHDF2 destabilizes its targeted mRNA by its interaction with m 6 A (20) . The only known YTH domain-containing protein in Saccharomyces cerevisiae Pho92 also decreases the Pho4 mRNA stability by binding to its 3Ј-UTR during the phosphate metabolism (21) . Very recently, it was reported that the association of YTHDF1 with m 6 A RNA regulates the mRNA translation efficiency (22) . Recently, several groups presented the structures of YTH domains, including the YTH domain of Zygosaccharomyces rouxii MRB1 with a 7-mer m 6 ARNA (23), the YTH domain of human YTHDC1 with m 6 A RNA (24) , and the YTH domain of YTHDF2 in its apo form (25) and with the m 6 A nucleotide (26) . In the YTH domain complex structures, the m 6 A base is positioned in a hydrophobic pocket consisting of two or three aromatic residues. The m 6 A binding mode is reminiscent of the methyllysine and methylarginine binding mode (27) . Furthermore, our structural and binding studies of YTHDC1 also established that YTHDC1 slightly prefers a G nucleotide and disfavors an A nucleotide at the position preceding the m 6 A nucleotide in RNA (24) . In the human genome, there are at least five YTH domain-containing proteins, and we wonder whether these YTH domains have distinct sequence selectivity, similar to the Royal family or PHD domain histone readers (27) .
In this study, we systematically characterized the m 6 A binding ability of four human YTH domains and the YTH domain of yeast Pho92 and determined the crystal structures of the YTH domain of human YTHDF1 and its complex with a 5-mer m 6 A RNA, and the YTH domain of yeast Pho92 in complex with a 5-mer m 6 A RNA. Our results indicate that the YTH domains recognized the m 6 A nucleotide in a conserved mode. Whereas YTHDC1 preferentially bound to the GG(m 6 A)C sequence (24) , the other YTH domains bound to m 6 A RNA regardless of sequence context. Structural comparison of the YTHDC1 and YTHDF1 complexes revealed that YTHDC1 and YTHDF1 used different binding pockets to accommodate the nucleotide preceding m 6 A, corresponding to divergent binding grooves for accommodating RNA 5Ј to m 6 A. Our structural and mutagenesis studies also pinpointed the key residues responsible for the differential sequence selectivity.
Experimental Procedures
Cloning, Expression, and Purification of the YTH Domains of YTHDF1, YTHDF2, YTHDC2, and Pho92-The Pho92 YTH domain (amino acids 141-306), two constructs of the human YTHDF1 YTH domain (amino acids 361-559 and amino acids 365-554), the YTHDF2 YTH domain (amino acids 380 -579), and MJECL36 (amino acids 1-147) were subcloned into a pET28a-MHL vector. All recombinant proteins were overexpressed at 18°C as N-terminal His 6 -tagged protein in Escherichia coli BL21 (DE3) codon plus RIL (Stratagene) and purified by HiTrap nickel column. The His tag was removed by the addition of 0.05 mg of TEV protease per milligram of recombinant protein, followed by the dialysis to remove imidazole at 4°C for 12 h. The samples were then passed through a nickelnitrilotriacetic acid column and further purified by size exclusion chromatography (Superdex 75; GE Healthcare). The mutants of the Pho92 and YTHDF1 YTH domains were cloned using site-directed mutagenesis kits (Invitrogen) and were expressed and purified in the same way as wild type recombinant proteins.
Crystallization, Data Collection, and Structure Determination-All crystals were obtained using sitting drop vapor diffusion at 20°C. Crystals of the YTHDF1 YTH domain (361-559) were obtained by mixing 1.0 l of purified protein (15 mg/ml) with 1.0 l of reservoir solution containing 0.2 M potassium thiocyanate and 25% PEG 3350 and subsequent equilibration against 800 l of reservoir buffer. The purified YTHDF1 YTH domain (365-554, 12 mg/ml) was mixed with the 5-mer GG(m 6 A)CU RNA in a ratio of 1:2 and incubated for 30 min at 0°C before co-crystallization. Crystals of the complex were obtained by mixing 1.0 l of the complex with 1.0 l of reservoir solution containing 0.1 M Bis-Tris, pH 6.5, 0.2 M sodium chloride, and 25% PEG 3350 and subsequent equilibration against 800 l of reservoir buffer. The purified Pho92 YTH domain (141-306, 10 mg/ml) was mixed with the 5-mer UG(m 6 A)CU RNA in a ratio of 1:2 and incubated for 30 min at 0°C before co-crystallization. A crystal of the complex was obtained by mixing 1.0 l of the complex with 1.0 l of well solution containing 0.2 M potassium isocyanate and 20% PEG 3350 and subsequent equilibration against 800 l of reservoir buffer.
Diffraction intensities were recorded under sample cooling to 100 K at rotating anode or synchrotron sources (see Table 2 ) and processed with XDS (28) and AIMLESS (29, 30) . Molecular replacement was performed with the program PHASER (31) . Model refinement was performed in iterations of restrained refinement, geometry validation, interactive building with REFMAC (32), MOLPROBITY (33, 34) , and COOT (35), respectively. PDB deposition data were compiled with PDB_EXTRACT (36) , and summarizing statistics were extracted with the IOTBX (37) software library. Omit maps of the oligonucleotide complexes were calculated with PHENIX (33) .
Specifically, the YTHDF1 "apo" structure was solved by molecular replacement with coordinates related to PDB entry 4R3I. PARROT (38) was used for phase improvement, and BUCCANEER (39) was used for automated model building. The preliminary model was further refined against higher resolution diffraction data from another, isomorphous crystal.
The YTHDF1 oligoribonucleotide complex structure was solved by molecular replacement with coordinates from the YTHDF1 "apo" structure. Some nucleotide link restraints were prepared with JLIGAND (40) .
The Pho92 structure was solved by molecular replacement with an ensemble of "apo" models of YTHDC1 (related to PDB entry 4R3H) and YTHDF1 (see above). Density improvement was performed with ARP/WARP (41) and PARROT, automated model building with ARP/wARP (42) .
Isothermal Titration Calorimetry (ITC) Experiments-All ITC experiments were performed at 298 K using a MicroCal ITC200 (GE Healthcare). All RNAs used for ITC experiments were purchased from Thermo Fisher Scientific except the unmodified GGACU, which was purchased from Integrated DNA Technologies, Inc. The purity of all purchased RNAs was Ͼ90%. All proteins and RNAs were dialyzed or dissolved into the same buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl before the binding experiments. 10 -17 injections were recorded by injecting 2 l of 500 -1000 M of RNAs into a sample well containing 15-60 M of protein. The concentration of the purified proteins and RNA oligonucleotides were estimated with absorbance spectroscopy (NanoDrop) using the extinction coefficients, A 280 and A 260 , respectively. Each binding isotherm was plotted, analyzed, and fitted in a one-site binding model by Origin Software (MicroCal Inc.) after subtraction of the respective control. 6 A ReaderThe m 6 A modification has been found from yeast to human, and recent m 6 A transcriptome analysis reveals that m 6 A is dominantly present in the RRACU (where R ϭ A/G) consensus motif in mammals (5) and in the RGAC (where R ϭ A/G) consensus motif across yeast species (8) . Consistently, a previous study using the borate gel chromatography reveals that the m 6 A modification occurs within a G(m 6 A)C or A(m 6 A)C motif with probabilities of 70 and 30% in mammals, respectively (43) . It was reported that both human YTHDF2 and yeast Pho92 (or MRB1) are m 6 A binding proteins (5, 8, 20) , and YTHDF2 prefers a core motif of G(m 6 A)C (20) . In the human genome, there are at least five YTH domain-containing proteins, and our recent structural and biochemical studies showed that YTHDC1 utilizes an aromatic cage to recognize m 6 A, and it preferentially recognizes the GG(m 6 A)C sequence somewhat (24) . To understand the binding specificity and sequence selectivity of other YTH domain-containing proteins, we cloned the YTH domains of YTHDF1/2, YTHDC2, and S. cerevisiae Pho92 for quantitative binding and structural studies. Our ITC binding results show that both the human and yeast YTH domains recognized m 6 A-containing RNA but not unmodified RNA, regardless of the RNA length ( Table 1 ), implying that the YTH domain is an evolutionarily conserved m 6 A-dependent RNA binding domain. Furthermore, the YTHDF1/2, YTHDC2, and Pho92 YTH domains did not display sequence selectivity at the Ϫ1 position (the position preceding the m 6 A nucleotide), unlike the YTHDC1 YTH domain, which preferred GG(m 6 A)CU over GA(m 6 A)CU containing 9-mer RNA ( Table  1; see Fig. 4 , A-D), consistent with our previous findings using 5-mer RNAs or 16-mer RNAs (24) . In addition, the YTH domains bound to the 9-mer m 6 A RNAs with similar binding affinities to the 16-mer m 6 A RNAs, but much weaker to the 5-mer GG(m 6 A)CU RNA ( Table 1 ), suggesting that the immediate surrounding nucleotides of m 6 A also contribute to the YTH domain binding.
Results and Discussion

YTH Domain Is an Evolutionarily Conserved m
Crystal Structure of the YTHDF1 YTH Domain-To provide structural insights into the m 6 A specific recognition and the different sequence selectivity of the YTH domains, we determined the crystal structure of YTHDF1 (amino acids 361-559) at a resolution of 1.97 Å ( Table 2 ). The YHDF1 YTH domain adopted a similar architecture to that of the YTHDC1 YTH domain (24) , and the root mean square deviation between the backbone C␣ atoms of the YTH domains of YTHDF1 and YTHDC1 was 0.9 Å (calculated from PyMOL software), although the sequence identity between the two YTH domains was only 27%. The YTHDF1 YTH domain consisted of five ␣ helices (␣0 -␣4), six ␤ strands (␤1-␤6), and one 3 10 helix following the ␤5 strand (Fig. 1A) . The six ␤ strands were arranged in an atypical ␤ barrel fold in the order of ␤6-␤1-␤3-␤4-␤5-␤2. The only parallel ␤ strands were ␤1 and ␤3, whereas the others were anti-parallel (Fig. 1, B and C) . Three helices (␣1-␣3) packed against the ␤ barrel and constituted a hydrophobic core together with the six ␤ strands. The ␣1 helix also packed against ␣0 and ␣4 (Fig. 1B) . The ␣0 helix was followed by a long loop linker, whereas the ␣4 was a kink helix with its axis perpendicular to that of ␣1 (Fig. 1B) . (Table 2 ). In the complex structure, nucleotides 5Ј-GG(m 6 A) exhibited density for both the backbone and nucleobases. Additional density was interpreted as representing nucleotide (Cϩ1) and the phosphate of (Uϩ2)-3Ј (Fig. 2E) . The m 6 A RNA bound to a positively charged concave of YTHDF1 in an extended confirmation (Fig. 2, A and B) . The m 6 A binding pocket of the YTHDF1 YTH domain was similar to that of the reported YTHDC1 YTH domain (24) and was composed of the C termini of ␤1, ␣1, ␤2, the N terminus of ␣2, and the loop between ␤4 and ␤5 ( Fig. 2A) . Specifically, the m 6 A was accom- -methyl moiety and the aromatic cage, together with the -interactions between the adenine base and the aromatic residues, constituted the basis of the m 6 A specific recognition (Fig. 3, bottom right panel) A RNA also made contacts with the YTHDF1 YTH domain through other nucleotides (Fig. 3, top left panel) . To understand the different sequence selectivity of the YTH domains of YTHDC1 and YTHDF1 toward the Ϫ1 position of the m 6 A RNA, we superimposed the crystal structures of YTHDC1 and YTHDF1, respectively, in complex with the 5-mer GG(m 6 A)CU RNA and found that only the 3Ј ends including m 6 A of the two RNAs coincided, whereas the 5Ј ends of the two RNAs deviated (Fig. 5A ). In the YTHDF1 complex, G-1 was sandwiched between G-2 and the ring of Tyr 397 (Fig. 3,  bottom left panel) . Tyr 397 is conserved in YTHDF1/2/3, and mutating Tyr 397 to alanine significantly reduced its binding affinity to both the 5-mer and 16-mer m 6 A RNA (Table 3) . Whereas Tyr 397 was important to m 6 A RNA binding, it appeared able to stack with any nucleotide via -interactions, consistent with our binding data of similar affinities of the m 6 A RNA with different substitutions at the Ϫ1 position ( (24) (Fig. 5B) . Specifically, replacing the G with an adenosine at the Ϫ1 position would disrupt the Val 382 hydrogen bond or introduce potential steric clashes with Val 382 , which explains why YTHDC1 disfavors an A nucleotide at the Ϫ1 position in the m 6 A RNA (24) . In addition, neither Met 438 nor Leu 380 is conserved in other YTH domains except YTHDC1 (Figs. 1A and 6A) , and mutating either of them in YTHDC1 would diminish its binding to the m 6 A RNA and attenuate the nucleotide preference at the Ϫ1 position for YTHDC1 (Table 3) . Therefore, YTHDC1 and YTHDF1 used different binding pockets to accommodate the nucleotide preceding m 6 A, which leads to different nucleotide selectivity at the Ϫ1 position (Figs. 3, bottom left panel, and 5B) .
Other Interactions between YTHDF1 and m 6 A RNA-The base of Cϩ1 in the YTHDF1-GG(m 6 A)CU complex could stack with the side chain of Arg 506 based on the weak electron density. In addition, the 5Ј-phosphate of Cϩ1 formed a hydrogen bond with the backbone of Asp 507 and could interact electrostatically with the side chain of Arg 506 . Arg 506 is highly conserved in the YTH domain (Fig. 1A) , and mutating Arg 506 to an alanine diminished the binding of YTHDF1 to the 5-mer RNA (Table 3 ). The 5Ј-phosphate moiety of Uϩ2 formed a hydrogen bond with the backbone NH of Gly 442 and the side chain of Lys 395 (Fig. 3, top right panel) . Except m 6 A, no base-specific interactions were observed in the YTHDF1 complex. Nevertheless, the nucleotides surrounding m 6 A made significant contributions to the m 6 A RNA binding and deleting Uϩ2 and G-2 significantly reduced binding of m 6 A RNA (Table 3) . 
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Crystal Structure of Yeast Pho92 with a 5-mer m 6 A RNA Reveals a Conserved m 6 A Binding Pocket-To explore whether the m 6 A binding mode of the YTH domain is also conserved in yeast, we determined the crystal structure of the S. cerevisiae Pho92 YTH domain (141-306) in complex with a 5-mer m 6 A RNA at a resolution of 1.80 Å ( Table 2) . We only located m 6 A of the 5-mer RNA in the electron density map (Fig. 2F) . Overall, the Pho92 YTH domain adopted the canonical YTH fold similar to those of the human YTH domains, consisting of three ␣ helices and six ␤ strands (Fig. 1A) . The root mean square deviation between the YTH domains of Pho92 and YTHDF1 was 1.4 Å (44) at a sequence identity between YTH domains of 35% (Figs. 1A; 2, C and D; and 6B). Despite the overall similar architectures between the two structures, the Pho92 YTH domain did not contain the helices ␣0 and ␣4 at the N and C termini but contained long loops in their places, respectively. Both loops packed against ␤5 (Figs. 2, C and D, and 6B ).
In the Pho92-m 6 A complex structure, m 6 A was accommodated in an aromatic cage consisting of Trp 177 , Trp 231 , and Tyr 237 in a similar way to that of YTHDF1 (Figs. 4G and 6C) . Therefore, the YTH domain used a evolutionarily conserved aromatic cage to recognize m6A, and mutating the cage residues Trp 177 and Trp 231 or the Cϩ1 binding residue Arg 273 of Pho92 to an alanine would diminish or disrupt its binding (Table 3) .
Sequence alignment between the YTH domains of Pho92 and YTHDC1 showed that the nucleotide binding pocket at Ϫ1 position of YTHDC1 was not conserved in Pho92 (Figs. 5D and  6, A and D) . Like YTHDF1, the Pho92 YTH domain bound to m 6 A RNA without obvious sequence preference (Table 1) . However, Tyr 397 of YTHDF1 corresponded to Ser 163 in Pho92 (Figs. 1A, 3D , and 6A); thus Pho92 would potentially recognize the nucleotide at Ϫ1 position with a pocket different from either that of YTHDC1 (Fig. 5D) (24) or YTHDF1 (Fig. 3, bottom left panel) . A (Fig. 4, E and F) . Accordingly, we found the YTHDF1 D401N mutant binds the GG(m 6 A)CU 5-mer RNA 16-fold stronger than its wild type (Table 3 and Fig. 4, E and F) . Furthermore, we mutate the Asn 367 of YTHDC1 to an Asp and found the N367D mutant disrupts the binding of the GG(m 6 A)CU 5-mer RNA (Table 3) . Together, we found that the key residue difference could well explain the differential binding ability of the YTH domains toward the m 6 (Figs. 1A and 6C) .
The Fold of the YTH Domain Is Similar to That of the EVE Domain-A structural similarity query on the Fatcat server (46) revealed that the YTH domain exhibits a similar fold to that of the EVE domain (47) . Among the experimental EVE domain structures available from the PDB (48), the structure of MJECL36 from Methanocaldococcus jannaschii (PDB entry 2P5D) was the closest to the structure of the YTH domain (47). YTHDF1 and MJECL36 had an root mean square deviation of 3.2 Å when we aligned the backbone C␣ atoms of these two structures (Fig. 7A) (Fig. 7B) . Consistently, our ITC results indicated that MJECL36 did not bind to the 5-mer GG(m 6 A)CU RNA (Table 3) .
Implications for Division of Labor among the YTH Domain Proteins-The subject of the present study, m 6 A, is the most abundant internal modification underlying various eukaryotic RNAs, including mRNAs, tRNAs, and long noncoding RNAs (49), a reversible epigenetic modification and regulator of RNA metabolism (50) . The recent m 6 A transcriptome (8) analysis reveals that m 6 A is usually present within the GAC or AAC sequence motifs in mammals, and consistently these motifs are also the substrates for the only known m 6 A methyltransferase METTL3-METTL14 complex (7, 8, 12, 13) . Yeast and mammalian YTH domain-containing proteins have been reported as the readers of the m 6 A mark (5, 8, 20) . We previously noted that the YTH domain of YTHDC1 harbors a binding pocket that favors a guanosine nucleotide at the Ϫ1 position (24) . The corresponding pockets of other YTH proteins do not structurally support this selectivity (Figs. 5, B and D, and 6, D and E), consistent with no sequence selectivity at the Ϫ1 position in non-YTHDC1 proteins (Table 1) . On the other hand, YTHDF2 was reported to bind a G(m 6 A)C motif from a RNA pulldown assay using the total RNA transcripts from the cells (20) . The YTH domain of YTHDF2 is 87% identical to that of YTHDF1 in sequence, and all the critical residues in m 6 A recognition are conserved between YTHDF1 and YTHDF2 (Fig. 1A) . Therefore, they should bind a very similar sequence motif, which was confirmed by our ITC binding results (Table 1) , i.e. both YTHDF1 and YTHDF2 are m 6 A specific binders without sequence selectivity at the Ϫ1 position (Table 1) . One possible explanation for the different motifs obtained from the two different binding assays is: whereas YTHDF1 and YTHDF2 are able to bind to any m 6 A-containing RNA in vitro, the only known m 6 A methyltransferase complex, METTL3-METTL14, selectively catalyzes the methylation of the adenosine in a G(m 6 A)C (70%) or A(m 6 A)C (30%) context in vivo (7, 12, 13) . This would be consistent with a bias toward the G(m 6 A)C when using the total RNA transcripts from the cells in the RNA pulldown assay (20) . On the basis of our binding and structural studies, we propose that the preferred physiological ligands of YTHDC1 could be G(m 6 A)C RNAs. The 
